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Abstract
Thanks to the unnaturally small value of the QCD vacuum angle θ¯ <∼ 10−10, time–
reversal violation ( T ) offers a window into physics beyond the Standard Model (SM)
of particle physics. We review the effective-field-theory framework that establishes a
clean connection between T mechanisms, which can be represented by higher-dimensional
operators involving SM fields and symmetries, and hadronic interactions, which allow for
controlled calculations of low-energy observables involving strong interactions. The chiral
properties of T mechanisms leads to a pattern that should be identifiable in measurements
of the electric dipole moments of the nucleon and light nuclei.
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1 Introduction
Violation of time reversal (T ) is a fundamental asymmetry between past and future, the
microscopic dynamics not being invariant under change in the sign of time. In a Lorentz-
invariant quantum field theory, where the product CPT is conserved, T violation ( T ) is
equivalent to violation of the product of charge conjugation (C) —the exchange between
particle and antiparticle— and parity (P ) —the change of sign in spatial coordinates. CP
violation (CP ) is one of the ingredients [1] needed to explain why the visible universe seems
to be made predominantly of matter, without a significant fraction of antimatter [2].
The Standard Model (SM) [3, 4] contains a source of CP and  T : the phase of the CKM
matrix [5], which appears in observables through a combination J ' 3·10−5 of matrix elements
[6]. While this mechanism explains the violation observed in K and B decays [7], it gives only
very small contributions to quantities that do not involve flavor change between initial and final
states. In particular, it is not sufficiently large to account for the observed matter-antimatter
asymmetry [8].
The ideal observables to probe new T interactions are flavor-conserving observables such as
 T electromagnetic form factors (FFs), which can be split into electric, magnetic, and toroidal,
depending on whether they interact with long-range electric, long-range magnetic, or short-
range electromagnetic fields. Their P and T transformation properties are summarized in
1
Multipolarity Electric Magnetic Toroidal
0 (monopole) PT — —
1 (dipole)  P T PT  PT
2 (quadrupole) PT  P T P T
· · · · · · · · · · · ·
Table 1: Parity and time-reversal properties of electromagnetic form factors according to
multipolarity. S (S) denotes that the symmetry S is preserved (violated). The pattern
repeats as multipolarity increases. A particle of spin s has multipoles up to 2s.
Table 1. Of particular interest are permanent electric dipole moments (EDMs), which require
both  P and  T . Even with current technology they effectively probe very small distances. For
example, the existing bound on the neutron EDM, |dn| < 2.9 · 10−13e fm [9], means that a
charge imbalance, if any, effectively takes place at a distance 13 (or more) orders of magnitude
smaller than the size of the neutron. Other  T multipoles, like magnetic (MQM) and toroidal
(TQM) quadrupole moments, are less accessible experimentally.
Searches are in progress around the world for EDMs of the neutron and of (neutral) atoms
and molecules, which are sensitive to the EDMs of the electron and nuclei, and their  T inter-
actions. A new generation of experiments [10] promises to improve neutron EDM sensitivity
by one or two orders of magnitude, which is remarkable but still above the expected CKM
“background” at ∼ 10−19e fm (see Ref. [11] for an assessment and references to original papers,
and Ref. [12] for a recent discussion). Even more exciting is the groundbreaking proposal (see
Refs. [13,14] for summaries and references) that the EDMs of charged particles be investigated
in specifically designed storage rings, and not just as byproducts of other experiments as for
the muon [15]. We might see the deuteron EDM (dd) probed at the level of ∼ 10−16e fm [14],
and similarly for the EDMs of the proton (dp) and of the nucleus of helium-3, helion (dh).
The discovery of an EDM above the CKM background would be a signal of long-sought
new physics, but would, by itself, leave us in the dark about its origins. From a theoretical
perspective, it is important to investigate the set of EDMs that would allow us to identify the
dominant source(s) of  T . Such an identification is likely to give clues about physics beyond
the SM (BSM) and the scale of this new physics, which we denote M/T . The aim of this
review is to show that the framework of effective field theories (EFTs), coupled to recent and
not-too-distant-future progress in strong-interaction physics, will allow us to carry out this
identification for the  T operators that involve quarks and gluons.
There are good experimental and theoretical reasons to believe that the SM is an EFT for
processes involving momenta Q ∼ MEW ∼ 100 GeV. In addition to the possible existence of
new light or stable heavy particles, new physics can be represented at the electroweak (EW)
scale MEW by operators of canonical dimensions d > 4, which involve known particles and are
constrained by the SM symmetries, namely Lorentz invariance and gauged SU(3)c×SU(2)L×
U(1)Y . One expects these operators to have strengths O(M4−d/T ), making the lowest-dimension
operators most significant.
The SM has other d = 4  T operators, which involve the non-Abelian gauge bosons and,
despite being total derivatives, can contribute to CP observables due to topological effects
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[16]. The operator involving gluons could give rise to large EDMs of hadrons and nuclei,
but the neutron EDM bound already significantly constrains its dimensionless strength, the
QCD vacuum angle θ¯ <∼ 10−10. This unnatural value is the famous “strong CP problem”.
The most promising solution is offered by the Peccei-Quinn (PQ) mechanism [17], where
an additional approximate symmetry, U(1)PQ, is spontaneously broken generating a small
θ¯ dynamically. The corresponding pseudo-Goldstone boson, the axion [18, 19], is a viable
dark-matter candidate. Whatever the mechanism may be, the smallness of θ¯ leaves room for
higher-dimensional operators.
The sole d = 5 interaction among known particles [20] gives rise to neutrino masses and
lepton-number violating processes, which are searched for with neutrinoless double-beta decay
(see Ref. [21] for a recent review). One can expectCP violation from phases in the correspond-
ing PMNS mixing matrix [22], but it is unclear if the observed baryon-antibaryon asymmetry
can be generated through leptogenesis [23], a mechanism based on the simplest ultraviolet
(UV) completion of the d = 5 interaction.
The many d = 6 interactions [24] have been conveniently cataloged in Ref. [25]. Among
those responsible for CP [26], hadronic and nuclear EDMs are most sensitive to quark EDMs
(qEDMs) and chromo-EDMs (qCEDMs), the gluon chromo-EDM (gCEDM) [27], and certain
four-quark interactions [28,29]. Nowadays the techniques exist —renormalization-group (RG)
running down to the QCD scale MQCD ∼ 1 GeV, lattice QCD (LQCD) for the calculation of
low-energy constants (LECs), nuclear EFTs to describe the dynamics at momenta Q < MQCD
in terms of the LECs— to connect these operators at the EW scale to light-nuclear EDMs.
A frequent misconception is that nuclear-physics errors would obfuscate any of the minute T
effects we are interested in. This presumption is obviously not correct for quantities like EDMs,
which vanish when  T parameters vanish; in this case errors affect only the proportionality
factor, and as we are going to see they should not affect many of the conclusions. Light nuclei
are special in this regard. A key ingredient is the approximate chiral symmetry of QCD, and
its breaking. Not only does chiral symmetry provide the basis for a systematic expansion of
hadronic and nuclear observables in powers of Q/MQCD [30], but it also acts as a “filter” to
separate the effects of various  T sources. While all these sources generate  T observables, they
break chiral symmetry in different ways and as a consequence produce different patterns in
the relative magnitudes for these observables. Chiral symmetry was already an important
aspect of the classic studies of the neutron EDM from θ¯ [31,32], and now it has been extended
to other sources and more nucleons [33–36]. A single measurement (say, dn) can always be
attributed to any one source (say, a θ¯ of just the right, minute size), but, as we review in
Sections 5 and 6, combined measurements of dn, dp, dd and dh provide increasingly detailed
information on the  T sources. The further measurement of the triton EDM (dt) would allow
as good a separation of underlying mechanisms as possible in the strong-interacting sector
at low energies, under the assumption that lower-dimension operators are most important.
(Measurements of the deuteron MQM and TQM would also be valuable, but seem impossible
for the foreseeable future.)
All the main techniques needed for this analysis have experienced significant progress
recently. RG running down to the QCD scale has long been used as a tool to investigate the
low-energy consequences of specific BSM models, and a model-independent summary of these
results has appeared recently [37]. Computational advances are bringing LQCD to the forefront
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of hadronic and nuclear physics, and the time is approaching when EFTs will be able to use
LQCD data, rather than experiment, as input in the calculation of nuclear properties [38].
Still, the study of  T matrix elements is in its infancy, particularly for d > 4 operators, and
this constitutes the biggest gap in connecting nucleon and light-nuclear EDMs to BSM  T
interactions. Nuclear EFTs [30] make it possible to approach hadronic and nuclear physics
incorporating SM symmetries, and the  T hadronic interactions involve, in lowest order, six
LECs. Nuclear potentials inspired by Chiral EFT [39, 40], where pions and chiral symmetry
play a significant role, are now the favorite starting point for “ab initio” nuclear-structure
methods. Although fully consistent calculations are not yet possible, for light nuclei several
tests suggest that errors are relatively small and can be better quantified once some subtleties
in the RG of pion exchange are clarified [41,42]. A significant future step would be to extend
the framework summarized here to heavier nuclei, in order to enable a consistent analysis of
atomic/molecular experiments as well.
We limit ourselves here to a review of the techniques that address  T in the nucleon and
light nuclei from a model-independent perspective. The relevant operators at the quark/gluon
level, including the RG to MQCD, are introduced in Section 2 and translated into hadronic
interactions in Section 3. The PQ mechanism is briefly summarized in Section 4. Sections 5
and 6 review calculations of  T electromagnetic observables for the nucleon and light nuclei,
respectively, starting from the hadronic interactions. An outlook is reserved for Section 7.
A much more comprehensive review —which includes implications of specific BSM models,
calculations of QCD matrix elements with various assumptions, calculations of heavy-nuclear
 T quantities, a discussion of atomic/molecular EDMs, and many more references to earlier
work— has appeared recently [43], and we refer the reader to it for a more detailed look at
how the program presented here relates to other efforts.
2   T at the Quark-Gluon Level
We summarize here the most important  T interactions among quarks, gluons and photons.
This background will allow the construction of  T hadronic interactions in Section 3.
2.1 QCD θ¯ Term and Higher-Dimensional Operators
BSM physics can be described below its characteristic scale M/T > MEW in terms of SU(3)c×
SU(2)L × U(1)Y and Lorentz-symmetric operators. The kinetic terms involving quarks inter-
acting with gluons Gaµ (a = 1, ..., 8) and weak bosons W
i
µ (i = 1, 2, 3) and Bµ with strengths
gs, g, and g
′, respectively, are
L(4)T = q¯Li /DqL + u¯Ri /DuR + d¯Ri /DdR −
1
4
(
GaµνG
aµν +W iµνW
iµν +BµνB
µν
)
, (1)
where qL is a doublet of left-handed quarks; uR and dR are right-handed up- and down-
type quarks; Dµ = ∂µ − igsGaµta − igW iµti − ig′BµY is the gauge covariant derivative with
ta = λa/2 (λa are the Gell-Mann matrices), ti = τi/2, 0, 0 (τi are the Pauli matrices) and
Y = 1/6, 2/3,−1/3 for qL, uR and dR, respectively; and Gaµν = ∂µGaν − ∂νGaµ − gsfabcGbµGcν ,
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W iµν = ∂µW
i
ν − ∂νW iµ − gijkW jµW kν , and Bµν = ∂µBν − ∂νBµ are, respectively, the SU(3)c,
SU(2)L, and U(1)Y field strengths with structure constants f
abc for SU(3)c and 
ijk for SU(2)L.
For simplicity we omit indices that run through the three generations, which are summed over.
The d = 4 terms related to  T are the Yukawa couplings of the quarks and the topological
θ term [16],
L(4)/T = −
(
q¯LY
uϕ˜ uR + q¯LY
dϕdR
)
+ H.c.− θ g
2
s
64pi2
µναβ GaµνG
a
αβ , (2)
where ϕ is the Higgs doublet and ϕ˜I = IJϕJ∗. (Here 01 = 012 = 0123 = +1.) The Yukawa
couplings Y u,d form 3× 3 complex matrices in flavor space. Relative phases lead to CP in the
CKM matrix [5] and, as described below, there is an interplay between the overall phase and
the vacuum angle 0 ≤ θ < 2pi. A term analogous to θ for weak gauge bosons gives negligible
contributions at low energies.
Because of the smallness of d = 4  T , we follow Refs. [35, 36] and consider the d = 6
terms [25],
L(6)/T = −2
ϕ†ϕ
v2
[(
q¯LY
′uϕ˜uR + q¯LY ′ dϕdR
)
+ H.c.+ θ′
g2s
64pi2
µναβ GaµνG
a
αβ
]
− 1√
2
q¯Lσ
µν
(
gsΓ˜
utaG
a
µν + gΓ
u
W τiW
i
µν + g
′ΓuBBµν
)
ϕ˜ uR + H.c.
− 1√
2
q¯Lσ
µν
(
gsΓ˜
dtaG
a
µν + gΓ
d
W τiW
i
µν + g
′ΓdBBµν
)
ϕdR + H.c.
+
dW
6
gsf
abcµναβGaαβG
b
µρG
c ρ
ν + g
2
s u¯RΞ1γ
µdR ϕ˜
†iDµϕ+ H.c.
+g2s 
JK
[
Σ1 q¯
J
LuR q¯
K
L dR + Σ8 q¯
J
LtauR q¯
K
L tadR
]
+ H.c., (3)
where v ' 246 GeV is the Higgs vacuum expectation value (vev). Here:
• The 3×3 complex matrices Y ′u,d and the angle θ′ correct, after EW symmetry breaking,
Yukawa couplings and θ term. Terms linear in the Higgs field are of more phenomeno-
logical interest, as they either modify the Yukawa couplings of the Higgs to quarks
introducing, in general, flavor-changing effects, or affect the gluon-fusion production
mechanism at the LHC [44–47].
• The coefficients Γ˜u,d and Γu,dB,W are 3×3 matrices in flavor space. The nondiagonal entries
contribute to flavor-changing currents and play an important role in flavor physics [48,
49]. The diagonal components determine the quark electric (qEDM) and chromoelectric
(qCEDM) dipole moments, as well as the quark weak EDM, which plays only a minor
role at low energy.
• The parameter dW of the Weinberg three-gluon operator [27] can be thought of as the
gluon chromoelectric dipole moment (gCEDM). Similar terms involving weak gauge
bosons (for example, the W± boson’s EDM and MQM [50]) can be relevant at colliders,
but are very small at energies below MEW.
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• The Σ1,8 are complex four-index tensors in flavor space. If one considers only quarks of
the first generation, there are two CP four-quark operators that respect SU(2)L [28],
which we refer to as PS4QOs due to their pseudoscalar nature. Additional four-quark
operators can be constructed involving quarks of different generations.
• The complex 3 × 3 matrix Ξ1 couples W± bosons to the right-handed quark current.
It leads below MEW to additional CP four-quark operators [29], which couple left- and
right-handed quarks and we call LR4QOs. It also causes CP in nuclear β decay when
W± connect to the left-handed lepton current [29].
The d = 6 coefficients depend on the spectrum and CP parameters of the BSM model of
choice, and can be determined by matching just below the scale M/T . While a detailed study is
beyond the scope of this review (see instead Ref. [43]), from our brief discussion it is apparent
that there is a rich interplay among the constraints on the couplings in Eq. (3) that can be
extracted from collider, flavor, and low-energy precision experiments.
Below the scale MEW the breaking of SU(3)c × SU(2)L × U(1)Y to SU(3)c × U(1)em is
important and generates masses for fermions and weak gauge bosons. For studying low-
energy observables like EDMs, the Lagrangian (3) at the EW scale needs to be matched onto
a theory with only light quarks, gluons and the photon Aµ = sin θWW
3
µ + cos θWBµ, where
g sin θW = g
′ cos θW = −e < 0. For nuclear physics applications we can limit ourselves to two
light flavors, and at MQCD the kinetic terms can be written as
L(4)T = q¯Li /DqL + q¯Ri /DqR −
1
4
GaµνG
aµν − 1
4
FµνF
µν , (4)
where q = (u d)T , Dµ = ∂µ − igGaµta − ieAµQ is the SU(3)c × U(1)em covariant derivative
in terms of the charge matrix Q = 1/6 + τ3/2, and Fµν = ∂µAν − ∂νAµ is the U(1)em field
strength. Some of the issues associated with strangeness are discussed in Section 5.3.
CP from the QCD θ term is intimately related to the quark masses. All the phases of
the quark mass matrix can be eliminated through non-anomalous SU(2) vector and axial
rotations, except for a common phase ρ, leaving
L(4)/T = −
(
eiρq¯LMqR + e
−iρq¯RMqL
)− θ g2s
64pi2
µναβ GaµνG
a
αβ, (5)
where M = m¯(1 − ετ3) is the diagonal quark mass matrix with m¯ (the average light-quark
mass) and ε (the relative light-quark mass splitting) real parameters. The phase ρ and the θ
angle are not independent. By performing an anomalous axial U(1)A rotation, all CP can be
rotated into the θ term or into the complex mass term, and physical observables depend only
on the combination θ¯ = θ+ 2ρ. For our discussion in Chiral EFT, it is convenient to eliminate
the θ term in favor of a complex quark mass. The additional SU(2) approximate symmetry
of the Lagrangian can be exploited to align the vacuum in the presence of CP to the usual
QCD vacuum [31, 32]. From a low-energy point of view, vacuum alignment is equivalent to
setting to zero the coupling of the neutral pion to the vacuum, at lowest order in the Chiral
EFT expansion [33]. The Lagrangian becomes
L(4)/T = −m¯ r(θ¯) q¯q + m¯ r−1(θ¯) q¯
(
ε τ3 +
1− ε2
2
sin θ¯ iγ5
)
q, (6)
6
where r(x) is an even function of x,
r(x) =
√
1 + ε2 tan2 x
2
1 + tan2 x
2
= 1− (1− ε2)x
2
8
+O(x4). (7)
The O(θ¯2) terms become important in the PQ mechanism (Section 4). The last term in Eq.
(6) is approximately linear in θ¯, and responsible for CP .
In the absence of flavor change, the d = 6  T operators that receive tree-level contributions
and are not suppressed by powers of MEW are [35]
L(6)/T = −
m¯
2
q¯
(
d0Q+
d3
2
{Q, τ3}
)
iσµνγ5q eFµν − m¯
2
q¯
(
d˜0 + d˜3τ3
)
iσµνγ5taq gsG
a
µν
+
dW
6
gsf
abcµναβGaαβG
b
µρG
c ρ
ν
+
g2s
4
[ImΣ1 (q¯q q¯iγ5q − q¯τ q · q¯τ iγ5q) + ImΣ8 (q¯taq q¯iγ5taq − q¯τ taq · q¯τ iγ5taq)]
+
g2s
4
3ij (ImΞ1 q¯τiγ
µq q¯τjγµγ5q + ImΞ8 q¯τiγ
µtaq q¯τjγµγ5taq) . (8)
The tree-level matching of Eq. (8) to Eq. (3) is, for most operators, trivial. The qEDMs and
qCEDMs are
m¯ d0,3 = −3v
4
Im
[
(ΓuB + Γ
u
W )11 ∓ 2
(
ΓdB − ΓdW
)
11
]
, m¯ d˜0,3 =
v
2
Im
(
Γ˜u ± Γ˜d
)
11
, (9)
where the indices refer to generations. In most models (Γu,dB,W )11 and (Γ˜)11 are proportional to
the light-quark Yukawa couplings, thus canceling the light-quark mass on the left-hand-side of
Eq. (9). The gCEDM gets tree-level contributions only from itself, and similarly for PS4QOs.
The imaginary part of the right-handed current in Eq. (3) contributes to the SU(2)L-breaking
LR4QOs. Thus, at tree level,
ImΣ1,8 = (ImΣ1,8)1111 , ImΞ1 = Vud (ImΞ1)11 , ImΞ8 = 0, (10)
where Vud ' 0.97 is the up-down CKM element. ImΞ8 is, however, generated by the QCD
evolution, as we discuss next. Note that all interactions in Eq. (8) are also  P ; P T interactions
are effectively of higher order and expected to produce even smaller effects.
2.2 Sizes and Runnings of  T Couplings
As the scale µ of interest decreases, one has to evolve the CP coefficients. The θ¯ term is not
multiplicatively renormalized because θ¯ is periodic, although it can mix with the divergence
of the axial current [51]. The operators in Eq. (3) run from just below M/T to MEW and the
operators in Eq. (8) run from just below MEW to MQCD. Much of the literature concerns spe-
cific BSM models, where particular operators are singled out. A model-independent analysis
to one loop, focusing on flavor-conserving interactions of the first generation, was carried out
in Ref. [37], and the more general situation is under study [52].
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For M/T ∼ a few TeV, the dominant effects in the evolution of coefficients are due to the
strong interaction, and can be written in terms of the numbers of colors Nc and flavors nf ,
the Casimir CF = (N
2
c − 1)/2Nc, and the beta function for gs =
√
4piαs, β0 = (11Nc− 2nf )/3.
The EW running for some of the operators has also been considered in Ref. [37], where earlier
references can be found. The collection ~C = (~C1, ~C2, ~C3)
T of d = 6 operators obeys the RG
equation with a matrix γ of anomalous dimensions,
d~C(µ)
d lnµ
= γ ~C(µ), γ =
αs
4pi
 γdip γmix γ130 γPS 0
0 0 γ33
 . (11)
Here ~C1 = (d0, d3, d˜0, d˜3, dW )
T and ~C2 = (ImΣ1, ImΣ8)
T . The renormalization and mixing of
qEDMs, qCEDMs and gCEDM is described by [37,53]
γdip =

8CF 0 −8CF 0 0
0 8CF 0 −8CF 0
0 0 16CF − 4Nc 0 2Nc
0 0 0 16CF − 4Nc −2εNc
0 0 0 0 β0 +Nc + 2nf
 , (12)
while
γPS = 2
(
β0 − 2(3 + 4/Nc)CF −2(1 + 1/Nc)2(Nc − 2)CF
4(1 + 2/Nc) β0 + 2(CF − 1− 2/N2c )
)
, (13)
γmix =
1
2
( −5 + 3ε 3− 5ε −4 −4ε 0
(−5 + 3ε)CF (3− 5ε)CF 2(Nc − 2CF ) 2ε(Nc − 2CF ) 0
)T
, (14)
contain, respectively, the anomalous dimensions of singlet and octet PS4QOs [37,54, 55], and
the mixings of dipoles with PS4QOs [37,55]. The first four columns of γdip are known to two
loops [56].
Above MEW, ~C3 = (g
2
sImΞ1, θ
′, ImY ′u, ImY ′ d)T . The dipoles mix only with the gluon-
Higgs operator θ′, whose diagonal entry vanishes [37, 57], the right-handed current operator
ImΞ1 does not require renormalization [37], and the quark-Higgs couplings ImY
′u,d renormalize
multiplicatively as the quark masses [37], so that
γ13 = − 1
2pi2v2
(
~0 (0 0 1 ε 0)T ~0 ~0
)
, γ33 = −6CF
 0 0 0 00 0 1 0
0 0 0 1
 . (15)
In these expressions we assumed that the qCEDM is proportional to the quark mass, and
neglected terms with higher powers of quark masses.
Below MEW, the quark-Higgs and gluon-Higgs operators disappear from the operator basis,
and two new operators, the LR4QOs, appear: now ~C3 = (ImΞ1, ImΞ8)
T . These operators do
not mix with the remaining operators and we have [37,54,55]
γ13 =
(
~0 ~0
)
, γ33 = 2
(
β0 −3CF/Nc
−6 β0 − 3Nc(1− 2/N2c )
)
. (16)
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Besides the tree-level matching to coefficients of the Lagrangian (8), other tree-level contri-
butions exist. For example, the quark-Higgs operator contributes to chiral-symmetry-breaking
four-quark operators. However, these contributions are suppressed by additional powers of the
EW scale, and are effectively of higher dimension —we refer to Ref. [37] for a discussion. Most
loop corrections involve powers of αem, which for simplicity we ignore. The gCEDM receives
threshold corrections from the top CEDM, and, at lower energy, from the bottom and charm
CEDMs [53]. At one loop, these contributions are finite, and, with our conventions, amount
to a shift
δdW (mQ) = −αs(mQ)
8pi
d˜Q(mQ) (Q = t, c, b). (17)
In the absence of the PQ mechanism, heavy quark CEDMs are also constrained by the large
radiative corrections they induce in θ¯ [58]. When the Higgs is integrated out, θ¯′ generates an
O(αs) threshold correction to the qCEDM, whose effect is however smaller than the qCEDM
induced by running. Other important threshold corrections involve the top Yukawa coupling,
and arise at two loops, through Barr-Zee type diagrams [59].
The overall effect of the RG is to modify the coefficients by factors which are typically of
O(1) (except for ImΣ1 which can get enhanced by almost an order of magnitude [37]). In Fig. 1
we illustrate effects of RG evolution. We consider cases where at the scale M/T only the gCEDM
(continuous lines) or the top CEDM (dashed lines) exists. For the sake of illustration, we took
d˜t(M/T ) = −100 dW (M/T ). In the first case, we see that RG evolution reduces dW to about 20%
of its original value, while generating a qCEDM and, to a lesser extent, a qEDM. While we
plotted only the isoscalar components, also the isovector qCEDM and qEDM are generated,
in the proportion d˜3/d˜0 = d3/d0 = ε ∼ 1/3. The tCEDM contributes to the gCEDM at the
top threshold, Eq. (17), and generates light-quark qEDM and qCEDM through RG evolution.
Although the induced gCEDM is a factor of 1000 smaller than d˜t, the constraint from the
neutron EDM is still about two orders of magnitude stronger than the direct bound from tt¯
production at the LHC [60].
The main outcome of this analysis is that at µ ∼ MQCD the best organizational principle
is given not by canonical dimension, but by the effective dimension inherited from the SM
Lagrangian, Eq. (3). Thus all the coefficients in Eq. (8), including the q(C)EDMs, have sizes
consistent with effective dimension six [35]:
di = O
(
δi
M2/T
)
, d˜i = O
(
δ˜i
M2/T
)
, dW = O
(
w
M2/T
)
, ImΣa = O
(
σa
M2/T
)
, ImΞa = O
(
ξ
M2/T
)
,
(18)
where δ0,3, δ˜0,3, w, σ1,8, and ξ are eight real parameters encoding details of the BSM physics.
Naive dimensional analysis (NDA) [61, 62] suggests that these parameters are O(1). In con-
trast, six other CP four-quark operators which are invariant under SU(3) × U(1)em [54, 55]
originate from either higher-dimensional operators at MEW or higher-order electroweak effects,
and are suppressed with respect to the PS4QOs and LR4QOs kept in Eq. (8) [35,37].
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Figure 1: Examples of the RG evolution of d = 6 CP operators: qCEDM d˜0, qEDM d0, and
gCEDM dW (in units of M
−2
/T ) as functions of the scale µ (in GeV). The only nonvanishing
operator at M/T ∼ 1 TeV is taken to be the gCEDM (continuous lines) or the top CEDM
(dashed lines). For visibility, the qCEDM, qEDM and gCEDM originating in the tCEDM are
multiplied by 100.
3   T at the Hadronic Level
The  T interactions among quarks and gluons discussed in Section 2 translate, at low energies,
into  T interactions involving the lightest mesons and baryons, which we sketch in this section.
3.1 Chiral Symmetry and Low-Energy Interactions
At a momentum comparable to the pion mass, Q ∼ mpi MQCD, the implications of the La-
grangian in Eqs. (6) and (8) for the interactions among pions and nucleons are described by
Chiral Perturbation Theory (χPT) [63–65] and its extension to arbitrary number of nucleons,
Chiral EFT [66–68]. The special role of the pion is a consequence of the invariance of Eq.
(4) (for e = 0) under the chiral symmetry SU(2)L × SU(2)R ∼ SO(4), and its spontaneous
breaking to the isospin subgroup SU(2)V ∼ SO(3). Pions emerge as Goldstone bosons whose
interactions are proportional to their momenta, which guarantees that low-momentum ob-
servables can be computed in a perturbative expansion in powers of Q/MQCD. Quark masses
and other interactions explicitly break chiral symmetry, give pions masses, and induce non-
derivative pion couplings, but the breaking is small and can be incorporated in the expansion.
The chiral Lagrangian contains an infinite number of operators which can be grouped using
a “chiral index” ∆ = d + f/2 − 2 ≥ 0 that increases with the number d of derivatives and
chiral-symmetry breaking parameters, and the number f of fermions. Assuming NDA, the
prediction of any observable at a given accuracy in Q/MQCD requires the consideration of only
a finite number of operators, up to a certain ∆.
Chiral symmetry is realized nonlinearly in the chiral Lagrangian [69–71], whose construc-
tion via chiral-covariant objects is well known [72]. The choice of fields is arbitrary, and
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for definiteness we employ a stereographic parametrization of the isospin-triplet pi, and an
isospinor N = (p n)T for the nucleon. In this case the chiral-covariant derivatives take the
form Dµpii = D
−1(∂µδij+eAµ3ij)pij and DµN = [∂µ+iτ ·pi×Dµpi/F 2pi +ieAµ(1+τ3)/2]N , with
Fpi ' 186 MeV the pion decay constant1 and D = 1 + pi2/F 2pi . Isospin-invariant objects are
automatically chiral invariant; chiral-variant interactions are built with the SO(4) transforma-
tion properties of the corresponding quark-gluon interactions. For example, electromagnetic
interactions in Eq. (4) break chiral symmetry as an antisymmetric SO(4) tensor [73]. Be-
cause mN ∼MQCD, Chiral EFT is well defined only for non-relativistic nucleons. The Q/mN
expansion can be made consistent with the Q/MQCD expansion with heavy nucleon fields [74],
when the nucleon mass mN is removed from propagators and the Dirac structure simplifies
to the nucleon velocity vµ and spin Sµ. Resummations of the Q/mN expansion are currently
popular but they do not decrease the overall theoretical error. Chiral EFT can be extended
to the Delta-isobar region using explicit fields for the Delta [75, 76] and the Roper [77], but
most  T applications have so far been limited to nucleons. Chiral EFT reproduces the (B)SM
S matrix because it includes all operators consistent with RG invariance and the symmetries
of quark/gluon interactions at µ ∼MQCD.
Equation (4) is represented at lowest chiral index as
L(0)T = −
1
4
FµνF
µν +
1
2
Dµpi ·Dµpi + N¯
(
iv · D − 2gA
Fpi
Sµτ ·Dµpi
)
N
+CSN¯NN¯N + CV N¯τN · N¯τN, (19)
where gA = O(1) ' 1.27 is the pion-nucleon axial coupling and CS,V are LECs related to the
two nucleon-nucleon scattering lengths. Higher-index interactions are constructed with further
derivatives and nucleon fields. We assign a chiral index 3 to αem/4pi, powers of which purely
hadronic operators generated by the integration of hard photons —e.g., the electromagnetic
pion mass splitting δˆm2pi = O(αemMQCD/4pi) ' 1260 MeV2 [7]— are proportional to.
The properties under chiral symmetry of the operators in Eqs. (6) and (8) dictate how
to incorporate them in the chiral Lagrangian, and determine the relative importance of  T
couplings [33–35]. The average quark-mass term in Eq. (6) breaks chiral symmetry as the
fourth component of an SO(4) vector, and induces interactions proportional to powers of
m¯r(θ¯). The quark-mass splitting and the θ¯ term transform as different components of a single
other SO(4) vector, which implies that their hadronic matrix elements are directly related
[32, 33]. They generate interactions proportional to powers of m¯εr−1(θ¯) and m¯r−1(θ¯)(1 −
ε2) sin θ¯/2, respectively. For momenta Q ∼ mpi, and taking εr−2(θ¯) = O(1), quark-mass terms
are paired with chiral-symmetric operators by making d count powers of the pion mass as well.
The lowest terms stemming from Eq. (6) are
L(0,1) = −m
2
pi
2D
pi2 + ∆mN
(
1− 2pi
2
F 2piD
)
N¯N +
δmN
2
N¯
[
τ3 − 2τ · pi
FpiD
(
pi3
Fpi
+
1− ε2
2ε
sin θ¯
)]
N.
(20)
The pion mass is m2pi = O(MQCDm¯r(θ¯)), the nucleon sigma term is ∆mN = O(m2pi/MQCD), the
neutron-proton mass splitting from the quark-mass difference is δmN = O(εr−2(θ¯)m2pi/MQCD),
1 Note that the pion decay constant is frequently defined in the literature as fpi = Fpi/2 or fpi = Fpi/
√
2.
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and pion-nucleon interactions —PT charge-symmetry breaking (CSB) for an even number
of pions,  P T for an odd number— are determined by the matrix element that enters δmN .
Similar relations exist at higher orders [33] —for example, involving the hadronic contribution
to the pion mass splitting δm2pi = O(δm2N)— but the link between PT CSB and θ¯ operators
quickly becomes superfluous.
The d = 6 operators in Eq. (8) have different transformation properties under chiral
symmetry, and the connections with PT operators are more tenuous. The qCEDM and
qEDM break chiral symmetry as SO(4) vectors and induce both isospin-conserving and isospin-
breaking  P T interactions, which are in general of the same size because after aligning the θ¯
term there is no longer freedom to eliminate the qCEDM and qEDM isovector components.
The important difference between qCEDM and qEDM is the suppression for the latter of purely
hadronic operators by powers of αem/4pi. The LR4QOs also break chiral symmetry (and isospin
in particular), but as SO(4) tensors, and the relative importance of their interactions is similar,
but not identical, to the isovector qCEDM. The gCEDM and PS4QOs do not break chiral
symmetry and cannot be distinguished purely on the basis of their symmetry properties, more
information about their matrix elements being required. For chiral-invariant operators, chiral-
breaking interactions, like non-derivative pion-nucleon couplings, are suppressed by factors of
the quark masses.
The PT pion, pion-nucleon and multinucleon chiral Lagrangians are known up to ∆ =
4, 3, 3, respectively [78–81]. The Lagrangian from θ¯ and d = 6 operators was built in great
detail in Refs. [33–36, 82–86]. For nucleon and light-nuclear EDMs at LO it is sufficient to
consider a subset of the interactions discussed in Refs. [33–35]:
L/T = − 1
Fpi
N¯ (g¯0τ · pi + g¯1pi3)N − 2N¯
(
d¯0 + d¯1τ3
)
SµNvνFµν
− ∆¯
Fpi
pi3pi
2 + C¯1N¯N∂µ
(
N¯SµN
)
+ C¯2N¯τN · ∂µ
(
N¯SµτN
)
. (21)
The operators that couple a neutral pion to the vacuum (pion tadpoles) can be eliminated
order by order in favor of the interactions remaining in Eq. (21). Each of the operators in
this equation has chiral partners, which we do not display explicitly. The interactions in the
second line are only needed at LO for LR4QOs, PS4QOs, and gCEDM, while for qEDM only
EDM-type operators in the first line are important. The coupling constants g¯0,1, d¯0,1, C¯1,2,
and ∆¯ are discussed in the next section.
3.2 Sizes of  T Couplings
The LECs in the  T hadronic Lagrangian, Eq. (21), are (approximately) linear functions of
θ¯ and of the coefficients of d = 6 operators in Eq. (8). We impose the constraints of chiral
symmetry and use NDA for an estimate of the scaling of the LECs. In order to connect high-
energy observables to EDMs, it is crucial that the coefficients of proportionality be known
accurately. Going beyond NDA requires nonperturbative techniques, and we review here
information that can be extracted using symmetry, LQCD simulations, and QCD sum rules.
(A more comprehensive review of calculations of these matrix elements can be found in, for
example, Ref. [43].)
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The LECs g¯0 and g¯1 are isoscalar and isovector  T pion-nucleon couplings, which induce
important long-range contributions to the nucleon EDM (Section 5) and to the  T nucleon-
nucleon potential (Section 6.1). One expects [33, 35]
g¯0 = O
((
m2pi
M2QCD
θ¯, m2pid˜0, εm
2
pid˜3, m
2
pidW , m
2
piImΣa, εM
2
QCDImΞa
)
MQCD
)
, (22)
g¯1 = O
((
εm4pi
M4QCD
θ¯,
εm4pi
M2QCD
d˜0, m
2
pid˜3, εm
2
pidW , εm
2
piImΣa, M
2
QCDImΞa
)
MQCD
)
. (23)
Because g¯0,1 are LECs of chiral-breaking interactions, for most sources the quark masses
appear. The contribution of isoscalar operators to g¯1 is suppressed by factors of m
2
pi/M
2
QCD,
but as we discuss below g¯1 can still be important in systems, like the deuteron, for which the
contribution of g¯0 vanishes. Isovector operators generate both g¯0 and g¯1 at the same order,
even though g¯0 is affected by the quark mass difference. For all the operators in Eq. (8), a
third non-derivative pion-nucleon coupling, (g¯2/Fpi)N¯pi3τ3N , is suppressed, and contributes at
the same level as derivative  T couplings [33,35], which we neglect.
Important consequences of chiral symmetry and vacuum alignment are the survival of the
three-pion interaction ∆¯ and modifications of g¯0,1 proportional to it. Both g¯0,1 receive tree-level
contributions. Moreover, at one loop ∆¯ gives a significant contribution to the pion-nucleon
FF. Although formally an NLO effect, the loop is enhanced over NDA by a factor of 5pi [35].
It endows the FF with a certain momentum dependence, whose effects on nucleon EDMs have
not been studied. For light nuclei, they were found to be small [87]. We can capture the
momentum-independent effects by redefining g¯1. Thus,
g¯0 = g0 +
δmN
m2pi
∆¯ + . . . , g¯1 = g1 + 2
(
∆mN
m2pi
− 15g
2
Ampi
16piF 2pi
)
∆¯ + . . . , (24)
where g0,1 are the couplings before alignment. The main remaining, explicit ∆¯ contribution is
a tree-level three-nucleon potential (Section 6.1). Only for LR4QOs is ∆¯ an LO effect, while
g0 is higher order. In this case, we can eliminate [35],
∆¯ =
m2pi
δmN
g¯0 = O
(
ImΞaM
4
QCD
)
. (25)
The pion-nucleon couplings have been best studied when links to PT quantities through
chiral symmetry are useful:
• For θ¯, a comparison between Eqs. (20) and (21), and similarly for higher-order terms,
yields [32, 33],
g¯0
Fpi
=
δmN
Fpi
1− ε2
2ε
sin θ¯ = (15± 2) · 10−3 sin θ¯, (26)
g¯1
Fpi
− g1
Fpi
=
(
∆mN
m2pi
− 15g
2
Ampi
16piF 2pi
)
δm2pi
Fpi
1− ε2
ε
sin θ¯ = − (4± 3) · 10−3 sin θ¯, (27)
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using the values from LQCD, ε = 0.37 ± 0.03 [88], δmN = 2.39 ± 0.21 MeV [89, 90],
and ∆mN = −63 ± 9 MeV [91], and from χPT fitted to meson data, δm2pi = 87 ± 55
MeV2 [92]. This value for g¯0 is somewhat smaller than the NDA estimate. The relation
between g¯0 and δmN is violated by terms of O(m2pi/M2QCD), an effect of the same size as
the uncertainty in Eq. (26). g1 is related to PT operators that contribute not to baryon
masses, but to pion-nucleon scattering observables —however, only at an order beyond
the current most precise analysis [93].
• For qCEDM, analogously [35,94],
g¯0 = δmN
(
δ˜mN
δmN
d˜0
c˜3
− ∆˜m
2
pi
m2pi
d˜3
c˜0
)
, g¯1 = 2 ∆mN
(
∆˜mN
∆mN
− ∆˜m
2
pi
m2pi
)
d˜3
c˜0
, (28)
where c˜0,3 are the coefficients of chromomagnetic operators analogous to the chromo-
electric operators in Eq. (8), ∆˜m2pi, ∆˜mN , and δ˜mN are corrections to the pion mass,
nucleon sigma term, and nucleon mass splitting due to c˜0, c˜0, and c˜3, respectively. The
evaluation of the corresponding matrix elements is currently being pursued by lattice
collaborations [95]. At the moment, the best estimates on g¯0,1 come from QCD sum
rules. It is found [11] that g¯1 is larger than g¯0 by a factor of about 5, and
g¯1
Fpi
= −(20+40−11) · 10−3 (2piFpi)2d˜3. (29)
The large error is due to cancellations in Eq. (28), which complicate estimates of these
couplings. In terms of dimensionless quantities, the numerical factors in Eqs. (26) and
(29) are not very different, as one would expect from Eqs. (22) and (23).
The parameters d¯0,1 represent short-range contributions to the nucleon EDM (Section 5)
and have expected sizes [33,35]
d¯0,1 = O
((
m2pi
M2QCD
θ¯, m2pid˜i, m
2
pidi, M
2
QCDdW , M
2
QCDImΣa, M
2
QCDImΞa
)
e
MQCD
)
. (30)
Chiral breaking intrinsic to the electromagnetic interaction ensures that no extra factors of
quark masses are needed beyond those appearing explicitly in Eqs. (6) and (8). Because some
of this breaking involves isospin, all sources induce isoscalar and isovector components of the
same size. d¯0,1 are not fixed by symmetry but can be extracted from LQCD calculations of
the nucleon EDMs, as we discuss in Sect. 5.2.
The remaining couplings in Eq. (21), C¯1,2, are less well known, and have not been studied
extensively. They represent short-distance contributions to the nucleon-nucleon potential and
their main phenomenological impact is through light-nuclear EDMs (Section 6). They are
chiral-invariant interactions that appear without m2pi/M
2
QCD suppression, and at LO, only for
chiral-invariant operators [35],
C¯1,2 = O
(
(dW , ImΣa)
MQCD
F 2pi
)
. (31)
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For this reason, contact terms with different isospin structures are not needed at LO.
Equations (22)–(31) show how the different properties of θ¯ and d = 6 operators under chiral
symmetry lead to different hierarchies among the couplings in Eq. (21), which has profound
consequences for the EDM of the nucleon and light nuclei. Taking into account Eq. (25), these
observables are expected to be described in LO in terms of the six independent LECs g¯0,1, d¯0,1,
and C¯1,2. In Section 5 we find that the nucleon EDM depends mostly on g¯0,1 and d¯0,1, whereas
in Section 6 we show that the six LECs enter nuclear EDMs. By contrast, the traditional
description of nuclear  T is largely based on the three non-derivative pion couplings [96], g¯0,1
and g¯2, which is subleading for all d = 6 sources.
4 Peccei-Quinn Mechanism
So far, we have assumed that there is no particular reason behind the small value of θ¯. A very
elegant way to obtain a small θ¯ dynamically is the PQ mechanism [17], which is discussed
in EFT in Ref. [97]. The approximate, spontaneously broken U(1)PQ symmetry is realized
nonlinearly, with SM fields invariant and the pseudo-Goldstone boson, the axion a [18, 19],
changing by an additive constant, a → a + c. The symmetry is explicitly broken by the
anomalous coupling to GG˜, which can be eliminated, as we did in Section 2.1, in favor of a
complex quark mass term —except that now the axial rotation depends on a.
After vacuum alignment, which in this context is equivalent to the diagonalization of the
pion-axion mass term, the axion Lagrangian reads
Lax = 1
2
∂µa∂
µa+
1
2fa
q¯
[
C0 +
(
C1 + ε r
−2(θ¯ + a/fa)) τ3] γ5γµq ∂µa (32)
−m¯ r(θ¯ + a/fa) q¯q + εm¯ r−1(θ¯ + a/fa) q¯ [τ3 + (1− ε2)
2ε
sin
(
θ¯ + a/fa
)
iγ5
]
q + . . .
where fa is the axion decay constant and the two couplings C0,1 are model dependent. When
chiral symmetry is broken, the term proportional to q¯q generates the axion potential V (θ¯ +
a/fa), whose minimum (curvature) determines the axion vev 〈a〉 (mass). If θ¯ is the only source
of CP , the potential is minimized by θ¯ + 〈a〉/fa = 0. The presence (in the “. . . ”) of higher-
dimensional CP operators that break chiral symmetry affects this potential; for example for
the qCEDM,
V (x) = −m
2
piF
2
pi
4
r(x)
[
1− ∆˜m
2
pi
2c˜0m2pi
(
d˜0 + εd˜3
)
r−2(x) sin x
]
. (33)
Minimization results in an induced angle
θ¯ind = θ¯ +
〈a〉
fa
=
2
1− ε2
∆˜m2pi
c˜0m2pi
(
d˜0 + ε d˜3
)
(34)
of O(M2QCD/M2/T ), similar to other d = 6 operators. The consequence to low-energy dynamics
is that the coupling g¯0 induced by the qCEDM receives another correction,
(g¯0)PQ = g¯0 + δmN
1− ε
2ε
θ¯ind =
δmN
εc˜3
(
ε+
c˜3
c˜0
∆˜m2pi
m2pi
)
d˜0, (35)
15
which cancels the contribution from d˜3. Similar relations can be worked out for LR4QOs,
resulting in a vanishing g¯0.
5 Nucleon Electric Dipole Moment
The study of the nucleon EDM in χPT has a long history starting with Ref. [32], where
the leading pion-loop contribution to the neutron EDM induced by θ¯ was computed. The
calculation was later extended to the radius [98] and then full [99] electric dipole form factor
(EDFF), and to NLO [100–102]. The nucleon EDFF generated by the d = 6 operators was
computed to NLO in Refs. [35, 103]. In addition to the EDM, the momentum dependence of
the EDFF is interesting. Due to Schiff’s theorem [104], the nucleon EDM does not contribute
to the EDM of atoms in the nonrelativistic limit, and the first non-vanishing contribution is
induced by the EDFF radius. Furthermore, the EDFF presented in Section 5.1 can be used
to guide the extrapolation of LQCD results in both pion mass [105–107] and momentum, as
described in Section 5.2. The role of strangeness is examined in Section 5.3.
5.1 Chiral EFT
χPT allows for the calculation of low-energy observables in a controlled perturbative expansion
in powers of Q/MQCD, where each loop contributes Q
2/M2QCD [63]. A review, including the
PT electric charge and magnetic dipole FFs, can be found in Ref. [108]. The  PT toroidal
dipole FF can be found in Refs. [109,110]. The  P T component of the electromagnetic current
can be written as [99,103]
Jµ/T (q,K) = 2
(
F0(Q
2) + F1(Q
2)τ3
) [
Sµv · q − S · qvµ + 1
mN
(Sµq ·K − S · qKµ) + . . .
]
, (36)
where q = p− p′ and K = (p + p′)/2 in terms of the nucleon momentum in the initial (final)
state p (p′), and Q2 = −q 2 > 0. Here F0(Q2) (F1(Q2)) is the isoscalar (isovector) EDFF of
the nucleon,
Fi(Q
2) = di − S ′i Q2 +Hi(Q2), (37)
where di is the EDM, S
′
i the Schiff moment, and Hi(Q
2) accounts for the remaining Q2 de-
pendence.
For all  T sources, to NLO [32,35,100–103]
dn + dp
2
= d¯0 +
egAg¯0
(2piFpi)2
pi
[
3mpi
4mN
(
1 +
g¯1
3g¯0
)
− δmN
mpi
]
, (38)
dp − dn
2
= d¯1 +
egAg¯0
(2piFpi)2
[
L− ln m
2
pi
µ2
+
5pi
4
mpi
mN
(
1 +
g¯1
5g¯0
)
− δˆm
2
pi
m2pi
]
, (39)
where L = 2/(4 − d) − γE + log 4pi, with d the spacetime dimension and γE = 0.557... the
Euler constant. For illustration, the leading diagrams are shown in Fig. 2. The nucleon
magnetic dipole moment (MDM) couples to the electric field in the ∆ = 2 Lagrangian, an
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Figure 2: Leading diagrams for the nucleon EDM. Solid, dashed and wavy lines represent prop-
agation of nucleons, pions and photons, respectively. Dots (squares) denote T ( T ) interactions.
For simplicity, only one possible ordering is shown.
effect ∝ m−2N . It does not contribute to the EDM before next-to-next-to-leading order (N2LO),
contrary to uncontrolled calculations based on a “relativistic” chiral Lagrangian [111]. The
subset of O(1/m2N) corrections that are proportional to the MDM is small [112].
From the NDA estimates of Section 3.2, we see that the relative importance of the terms
in Eqs. (38) and (39) depends on the source:
• d¯0,1, Fig. 2(a), dominates, while loop contributions, Fig. 2(b-d), appear at least at N2LO
for qEDM, gCEDM, and PS4QOs. The full set of N2LO corrections was considered in
Ref. [103].
• g¯0 appears at LO for sources that break chiral symmetry and do not contain photon
fields: θ¯, qCEDM and LR4QOs. Its one-loop contribution is purely isovector, and the
dependence on L and µ is eliminated solely by d¯1(µ). Non-analytic corrections to the
isoscalar EDM are finite and suppressed by mpi/mN . Despite the extra factor of pi with
respect to NDA, they are about 10% of the leading loop. However, one cannot exclude,
on the basis of Eq. (30), that d¯0 is present at the same order. Without further dynamical
information, one cannot state, as sometimes in the literature, that the nucleon EDM is
isovector at this order.
• g¯1 contributes through recoil corrections in the nucleon propagator and pion-nucleon
axial couplings, and only affects the proton EDM. In the case of isoscalar sources, g¯1 is
formally suppressed by m2pi/M
2
QCD. Even for θ¯, where g¯0 is a factor of ten smaller than
expected by power counting, g¯1 gives a correction to the proton EDM which is only a few
percent of the leading loop. In the case of isospin-breaking sources, g¯0,1 appear at LO,
but g¯0 arises from pion tadpoles and is proportional to δmN , which makes it numerically
smaller than g¯1 [35]. For the isovector qCEDM and LR4QO, then, the nucleon EDM is
likely to receive its largest numerical contribution from the LECs d¯0,1, with non-analytic
terms entering at the 30% level.
For concreteness, we specify Eqs. (38) and (39) for θ¯, where g¯0 is well determined by
Eq. (26) and g¯1 gives only an N
3LO effect. Setting the renormalization scale µ = mN and
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neglecting the numerically small isospin-breaking contributions,
dn − (d¯0 − d¯1) = − egAg¯0
(2piFpi)2
[
ln
m2N
m2pi
+
pi
2
mpi
mN
]
θ¯ = −(1.99 + 0.12) · 10−3 sin θ¯ e fm, (40)
dp − (d¯0 + d¯1) = egAg¯0
(2piFpi)2
[
ln
m2N
m2pi
+ 2pi
mpi
mN
]
θ¯ = (1.99 + 0.46) · 10−3 sin θ¯ e fm, (41)
showing that, especially for the neutron, convergence of the SU(2) chiral expansion is good.
Assuming that there are no fine-tuned cancellations [32] between d¯0,1, which are analytic in
m2pi, and non-analytic contributions, the current bound on dn [9] allows to put a bound on θ¯.
Similarly, using the NDA expressions for g¯0,1 and d¯0,1 given in Section 3.2 and assuming no
cancellations, one can bound the coefficients of d = 6 operators [103]:
θ¯, M2QCDd˜i, M
2
QCDdi <∼ 10−10, M2QCDdW , M2QCDImΣa, M2QCDImΞa <∼ 10−12. (42)
The weaker bound on θ¯, qCEDM and qEDM reflects the proportionality to light-quark masses.
If the dimensionless  T parameters in Eq. (18) are O(1), the bounds in Eq. (42) suggest new
physics at a scale M/T >∼ 100 TeV. Once NDA can be replaced by more accurate determinations
of matrix elements in LQCD, these bounds can be reliably translated into bounds on the
dimensionless parameters at M/T using the RG of Section 2.2, as sketched in Ref. [37].
While certainly an exciting evidence of new physics, the observation of neutron and proton
EDMs would not, with the current theoretical status, be sufficient to clearly identify the source
of new physics, and in particular to disentangle the effect of θ¯ from higher-dimension operators.
Without further input from nonperturbative techniques, Eqs. (40) and (41) show that, for all
operators in Eq. (8), dp,n contain at least two unknown LECs. An interesting independent
observable is the momentum dependence of the EDFF. To NLO [35,98,99,102,103], the square
radii are
S ′0 = −
piegAg¯0δmN
12(2piFpi)2m3pi
, S ′1 =
egAg¯0
6(2piFpi)2m2pi
(
1− 5pi
4
mpi
mN
− δˆm
2
pi
m2pi
)
. (43)
For θ¯, qCEDM and LR4QO, radii arise at the same order as the EDM, are finite in the chiral
limit and approximately isovector. They are dominated by contributions at the scale mpi,
which are known except for the  T parameters. For example, for θ¯ [102],
S ′0 = −5.0 · 10−6 sin θ¯ e fm3, S ′1 = 6.8 · 10−5 sin θ¯ e fm3. (44)
In contrast, for qEDM, gCEDM and PS4QOs, radii arise at N2LO and scale as Q2/M2QCD with
respect to the EDM [103]. The functions Hi(Q
2) from Eq. (37) can be found, to NLO, in
Refs. [35,99,102,103]. Although an experimental measurement of the momentum dependence
of the EDFF is not going to happen any time soon, the extrapolation Q2 → 0 of LQCD EDFFs
for θ¯ and qCEDM would allow to extract g¯0 and d¯0,1 at the same time.
5.2 Interplay with Lattice QCD
The best tool to determine the LECs d¯0,1 that contribute to the nucleon EDM is LQCD.
Unfortunately there are virtually no LQCD results for the d = 6 sources, most work having
focused on θ¯. A collection of early results can be found in Ref. [113].
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A recent LQCD evaluation of dp,n from θ¯ can be found in Ref. [114]. Simulations were
performed at two values of the pion mass, mpi = 330, 420 MeV, with domain-wall fermions to
suppress the lattice artifact of chiral symmetry violation. Results, which still have a significant
statistical error, are extrapolated linearly to Q = 0, where they give EDMs compatible with
zero. Ref. [107] improved the finite-volume corrections of Refs. [105,106] and used these LQCD
results to extract d¯0,1 with SU(3) χPT at NLO. We have fitted the same EDM points but
with the SU(2) formulas, Eqs. (38) and (39), and neglecting finite-volume corrections. We
find good fits, as exemplified for the isovector component in Fig. 3, where the best fit results
and 1σ uncertainty obtained from Eq. (39), with g¯0 fixed to the value (26), are compared with
results of fitting d¯1 only and neglecting the chiral loop, that is, setting g¯0 to zero. Clearly,
lattice EDM data show an essentially linear dependence on m2pi with no clear sign of the chiral
log. For the short-range LECs at the scale µ = 939 MeV, we find, factoring out the pion-mass
dependence,
d¯0(µ) = (−0.04± 0.45) m
2
pi
(2piFpi)3
e sin θ¯, d¯1(µ) = (0.05± 0.45) m
2
pi
(2piFpi)3
e sin θ¯, (45)
which is not far from the NDA estimate of Section 3.2, once one considers the large uncertain-
ties. Extrapolating to the physical pion mass, again using Eq. (26),
dn = −(2.4± 1.5) · 10−3 sin θ¯ e fm, dp = (2.5± 1.5) · 10−3 sin θ¯ e fm, (46)
which are consistent with the more sophisticated analysis of Ref. [107]. After this review was
completed, an LQCD calculation with clover fermions and imaginary θ¯ has appeared [115],
which gives a similar value for dn but with smaller error bars .
Eventually, the extrapolation in Q2 could also be made with the full χPT EDFF, Eq.
(37) [35, 99, 102, 103]. The range in Q used in Ref. [114] (from about 450 to 800 MeV) is
unfortunately beyond the validity of χPT, but new calculations, already under way at a
lighter pion mass (mpi = 170 MeV), are performed at smaller Q
2 [116]. They should make it
possible to extract g¯0 by fitting the slope of the EDFF with the χPT prediction in Eq. (43),
and to check the estimate in Eq. (26).
The uncertainty on the LQCD evaluation of d¯0,1 is quite large and compatible with zero.
Nonetheless, for θ¯ LQCD is now competitive with other nonperturbative techniques. For
comparison, from QCD sum rules [117–119],
|dn| = (2.5± 1.3) · 10−3θ¯ e fm. (47)
QCD sum rules also give the best available estimate for the qCEDM [120],
|dn| = (1± 0.5) (2piFpi)2|0.9 d˜0 − 0.3 d˜3| · 10−3 e fm. (48)
Among d = 6 sources, the qEDM is particularly simple, since to a good approximation
dp,n arise solely from d¯0,1 with small isospin-breaking corrections. From Eqs. (8) and (21), the
photon couples in LO to the isoscalar and isovector tensor charges defined by 〈N |q¯σµνq|N〉 =
4gT0 
µνρσvρN¯SσN , 〈N |q¯σµντ3q|N〉 = 4gT1 µνρσvρN¯Sστ3N , resulting in
dn + dp
2
= gT0 m¯ e
(
d0
3
+ d3
)
= (0.29± 0.03) m¯ e
(
d0
3
+ d3
)
, (49)
dp − dn
2
= gT1 m¯ e
(
d0 +
d3
3
)
= (0.51± 0.04) m¯ e
(
d0 +
d3
3
)
, (50)
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Figure 3: Isovector component d1 of the nucleon EDM (in units of sin θ¯ e fm) as function of
the pion mass squared m2pi (in units of GeV
2). The black lines and gray shaded area show the
best fit and 1σ uncertainty obtained by fitting Eq. (39) to the LQCD results of Ref. [114],
represented by the red points with error bars. The blue lines and blue shaded area are the
corresponding fit with g¯0 = 0. The dashed vertical line indicates the physical pion mass.
where we used the recent LQCD results [121–123] for the proton tensor charges at µ = 2 GeV,
and quark mass and qEDM should also be evaluated at this scale. These numbers are in good
agreement with the NDA expectation. Existing extractions of the proton tensor charges from
experiment [124, 125] are at too high a Q2 for χPT. Some of the issues affecting the lattice
implementation of higher-dimensional operators are discussed in Ref. [126].
Our simplified analysis of LQCD data, which omitted correlations, finite-volume effects
and systematic errors, suggests that there can be a rich interplay between LQCD and χEFT.
It will be interesting to see whether the substantial reduction of the LQCD uncertainty to the
10% level expected in the near future for θ¯ [114] will show a clear signal of an EDM and the
presence of a chiral logarithm, allowing an extraction of g¯0. More generally, LQCD calculations
of matrix elements for other sources would fill a gaping hole in the road from BSM physics to
EDM experiments.
5.3 Role of Strangeness
Much of the low-energy  T literature includes the strange quark s explicitly. Yet, the inter-
mediate value of its mass ms poses a problem: it prevents integrating s out at a perturbative
scale, as it is done for the t, b and, to a lesser extent, c quarks, but leads to poor convergence of
the χPT expansion via a relatively large kaon mass mK [127]. Although the best way to deal
with s (and maybe also c) is through nonperturbative techniques, symmetry considerations
also give some insight.
θ¯ effects in SU(3)L × SU(3)R (U(3)L × U(3)R if one wants an explicit connection to the
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U(1)A anomaly) χPT [82–86] are proportional to
mdmums
ms(md +mu) +mumd
=
m¯
2
(1− ε2)
[
1 +
m¯
ms
(1− ε2) + . . .
]
. (51)
Although g¯0 and δmN receive, starting at order O(mK/MQCD), large corrections from kaon
and eta meson loops (which show little sign of convergence), these corrections affect g¯0 and
δmN in exactly the same way up to N
2LO and are already accounted for through Eq. (26)
when extracting δmN from LQCD simulations with dynamical strange quarks. At N
2LO, in
both SU(2) and SU(3) χPT there are short-distance contributions to g¯0 that do not affect
δmN , but, since they are not proportional to ms, their numerical effect should not be larger
than the uncertainty quoted in Eq. (26). The isospin-violating coupling g¯1 receives a tree-
level contribution proportional to the pi-η mixing angle, which, despite being formally LO, is
suppressed with respect to g¯0 by m¯/ms and is numerically of the same size as the estimate of
Eq. (27). The first contribution not suppressed by powers of m¯/ms appears at N
2LO, as in
SU(2) χPT. Thus, strangeness should not significantly affect the values of the pion-nucleon
couplings from θ¯.
The nucleon EDM has been computed in this framework to various degrees of sophistica-
tion [32, 101, 106]. At one loop, there are additional nucleon-kaon and nucleon-eta couplings,
which at LO are fixed by combinations of baryon masses, for example g¯NΣK is related to the
mass difference between the nucleon and the Σ baryon, mN−mΣ. As for g¯0, these relations are
violated at N2LO. However, now the corrections are proportional to ms, and are numerically
more important [128]. For the nucleon, pion and kaon loops give contributions of approxi-
mately the same size. However, NLO corrections to the kaon contributions are as large as LO,
casting some doubts on the convergence of the SU(3) expansion. On the contrary, the SU(2)
expansion of the nucleon EDM converges fairly well.
In the d = 6 sector, the basis in Eq. (8) needs to be enlarged to include s. Four additional
quark bilinears can be constructed, the strange EDM (sEDM) and CEDM (sCEDM), and
two ∆S = 1 flavor-changing neutral currents of the same form as the qEDM and qCEDM
but containing a d and an s. There are also several more four-quark operators, listed in
Ref. [54], which, however, does not fully account for the constraint of SM gauge symmetry.
If one considers only ∆S = 0 operators, in addition to the four operators already defined
in Eq. (8), eight four-quark operators with two strange quark fields receive non-vanishing
matching coefficients at tree level, so that only half of the operators defined Ref. [54] needs to
be considered. The matrix elements of these operators were studied [54] in the factorization
approximation and in the quark model, but more rigorous techniques are needed.
The sEDM and sCEDM have received more attention. The effect of the sEDM ds on
dp,n can be obtained from 〈N |s¯σµνs|N〉 = 2gTs µνρσvρN¯SσN on the lattice: factoring out the
strange quark mass and charge, as in Eq. (8), dn + dp = −2gTs msds/3. gTs involves sea quarks,
and is numerically more challenging to calculate on the lattice than gTu,d. A recent, state-
of-the-art LQCD calculation [121] finds gTs = 0.002 ± 0.011. With these large uncertainties,
it is not possible to exclude that, due to the enhancement ms/md ∼ 20, the sEDM gives a
contribution to dn + dp of the same size as Eq. (49). The contribution of the sCEDM d˜s has
been addressed in SU(3) χPT and QCD sum rules [11, 55, 129]. Refs. [55, 129] found that d˜s
could give a large, possibly dominant, contribution to the nucleon EDM. In the presence of
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PQ symmetry, d˜s does not contribute at LO to pion-nucleon  T couplings, but affects g¯NΣK
and thus induces long-range contributions. The numerical value of the loop is small, but not
so small as to compensate the enhancement due to the appearance of ms in the coefficient of
the sCEDM. It would be interesting to test the robustness of this prediction by going beyond
LO. In general, the same issue as for θ¯ remains: the convergence of SU(3) χPT.
6   T Moments of Light Nuclei
The observation of neutron and proton EDMs will not provide enough information to clearly
identify the leading  T source(s).  T in light nuclei, being sensitive to different combinations
of the couplings in Eq. (21), is highly complementary, and it can be computed in the same
theoretical framework as the nucleon EDFF with reliable accuracy. For these reasons, and with
the additional motivation of the exciting experimental developments that might allow a direct
measurement of EDMs of charged ions, the study of the EDMs of deuteron, helion and triton
has received a lot of attention in the last few years, both from a phenomenological perspective
[130–134] and with Chiral EFT [87,135–137]. Very recently, the first model calculation of the
6Li EDM has appeared [138]. For the deuteron, as seen in Tab. 1, two other moments, MQM
and TQM, are sensitive to  T and have been calculated for d ≤ 6  T sources in Refs. [135,139]
and [140], respectively, but prospects for their detection are remote at best.  T in neutron-
proton [141] and neutron-deuteron [142] scattering have been revisited recently, but seem
equally difficult to measure.
 T is a small effect, and can be treated perturbatively on top of the strong nuclear interac-
tions. The elements that enter EFT calculations in nuclei are discussed in Section 6.1, while
results for nucleon number A = 2, 3 are reviewed in Section 6.2. The alpha particle (A = 4)
has no  T moments, but  T FFs of nuclei with a few more nucleons could be calculated within
this approach.
6.1 Nuclear Potential and Currents
The  T electromagnetic current can be written in the form of Eq. (36) for a spin-1/2 nucleus,
and in a straightforward generalization that includes MQM [135] and TQM [140] for spin-1. It
receives several contributions, schematically illustrated in Fig. 4. The nuclear wavefunction,
denoted by the shaded triangles, as well as the iteration of the PT potential VPT , represented
by the shaded blob, can be obtained by solving the Schro¨dinger equation.  T , denoted by
black squares, either affects the electromagnetic current (Fig. 4(a)) or perturbs the nuclear
wavefunction with an insertion of the  T potential (Fig. 4(b)).
The power counting of Chiral EFT systematically organizes the various contributions
[35, 136]. While in the one-nucleon sector a loop brings in a suppression of Q2/M2QCD, in
problems with two or more nucleons a relative enhancement of 4pimN/Q compensates the
loop suppression in diagrams that involve intermediate states with nonrelativistic nucleons
only, where energies are O(Q2/mN) rather than O(Q) as in χPT [30]. The one-body contri-
bution in Fig. 4(a) represents the nuclear FF arising from the EDFF of the constituents, Eq.
(37). The PT one-nucleon current contribution to Fig. 4(b) contains an additional loop with
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(a) (b)
Figure 4: Contribution to nuclear EDMs. The large triangles denote the nuclear PT wavefunc-
tion; the oval, iterations of the PT potential; the oval with an attached photon, a few-nucleon
current; the black square, the T potential; and the large black square with an attached photon,
a  T few-nucleon current. Other notation as in Fig. 2.
respect to the one-body contribution in Fig. 4(a). These contributions scale as
Ja = O (F0,1Q) , Jb = O
(
eg¯0,1
F 2pi
Q, eC¯1,2F
2
piQ,
e∆¯
F 2piMQCD
Q
)
. (52)
Depending on the sizes of g¯0,1 compared to dn,p, insertions of two-body currents in Fig. 4(b)
can be as big as the one-body contribution to Fig. 4(a) [136].
The various ingredients in Fig. 4 can be obtained explicitly in terms of the  T LECs. For
EDMs, the most important  T current is the sum of one-body contributions,
J0/T,1(~q) = −
i
2
∑
i
[
dn + dp + (dp − dn) τ (i)3
]
~σ(i) · ~q, (53)
where ~σ(i)/2 (τ (i)/2) is the spin (isospin) of the nucleon i that interacts with the photon, and
~q is the (outgoing) photon momentum. Pion-exchange  T currents induced by g¯0, which by
power counting could be important for the deuteron EDM from θ¯, are given in Ref. [136], but
their contribution is found to be numerically small.
The tree-level potential induced by the couplings in Eq. (21) has a two-body component
[34], which is generated by one-pion exchange (OPE) with couplings g¯0,1 and by the short-range
interactions C¯1,2,
V/T,2(~ki) =
i
2F 2pi
∑
j>i
~ki ·
{[
−F 2pi C¯1 +
(
2gAg¯0
~k 2i +m
2
pi
− F 2pi C¯2
)
τ (i) · τ (j)
] (
~σ (i) − ~σ (j))
+
gAg¯1
~k 2i +m
2
pi
[(
τ
(i)
3 + τ
(j)
3
) (
~σ (i) − ~σ (j))+ (τ (i)3 − τ (j)3 ) (~σ(i) + ~σ(j))]
}
, (54)
and a three-body component [35], which is generated by the three-pion coupling ∆¯,
V/T,3(~ki) = −2g
3
A∆¯
F 4pi
∑
k>j>i
(
τ
(i)
3 τ
(j) · τ (k) + τ (j)3 τ (i) · τ (k) + τ (k)3 τ (i) · τ (j)
)
× ~σ
(i) · ~ki ~σ(j) · ~kj ~σ(k) · ~kk
(~k 2i +m
2
pi)(
~k 2j +m
2
pi)(
~k 2k +m
2
pi)
, (55)
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Source θ¯ qCEDM qEDM gCEDM, PS4QOs LR4QOs
MQCDdn/e O
(
m2pi
M2QCD
θ¯
)
O
(
m2pi
M2
/T
δ˜i
)
O
(
m2pi
M2
/T
δi
)
O
(
M2QCD
M2
/T
(w, σa)
)
O
(
M2QCD
M2
/T
ξ
)
dp/dn O (1) O (1) O (1) O (1) O (1)
dd/dn O (1) O
(
M2QCD
Q2
)
O(1) O(1) O
(
M2QCD
Q2
)
dh/dn O
(
M2QCD
Q2
)
O
(
M2QCD
Q2
)
O(1) O(1) O
(
M2QCD
Q2
)
dt/dh O (1) O (1) O (1) O (1) O (1)
Table 2: Expected orders of magnitude for the neutron EDM (in units of e/MQCD), and for the
EDM ratios proton to neutron, deuteron to neutron, helion to neutron, and triton to helion,
for θ¯ and d = 6 sources. Q represents the low-energy scales Fpi, mpi, and
√
mNB, with B the
binding energy. (Adapted from Ref. [136].)
where ~ki is the momentum transferred from nucleon i. The OPE potential generated by the
couplings g¯0,1 is well known [96]. It should be important for θ¯, qCEDM, gCEDM, PS4QOs,
and LR4QOs, but for the θ¯ only g¯0 appears at LO. The short-range terms, which can be
thought as the long-wavelength effect of  T heavy meson exchange, should be kept at this
order for gCEDM and PS4QOs. The three-body force, which is new, appears at LO only
for LR4QOs. The LO potential induced by the qEDM is given in Ref. [34], but it is of little
phenomenological relevance. Chiral EFT provides a framework to go beyond LO by including
two-pion exchange potentials, relativistic corrections, and OPE potentials from subleading
couplings. For θ¯, N2LO corrections to Eq. (54) were discussed in Ref. [34]. The calculation can
be immediately extended to the qCEDM, with the observation that TPE diagrams involving g¯1
vanish [137]. In the case of the LR4QO, the coupling ∆¯ gives a relatively large NLO correction
to the isospin-breaking OPE potential [35, 87], the largest part of which we absorbed in g¯1
(Eq. (24)).
6.2 Moments
The estimate of Eq. (52), combined with the relative sizes of g¯0,1, d¯0,1, C¯1,2 and ∆¯ discussed
in Section 3.2, lead to the expectation that for qCEDM and LR4QOs EDMs of light nuclei
are dominated by the  T OPE potential. For the gCEDM and PS4QOs, one-body, OPE and
C¯1,2 contributions should be approximately equal, while if the qEDM is the only  T source
light-nuclear EDMs are well approximated by the EDMs of the constituents. For θ¯, the
situation is more complicated. For most nuclei, OPE from g¯0 should dominate, but when
the numbers of protons and neutrons are equal, N = Z, spin/isospin selection rules cause
isoscalar  T interactions, such as g¯0 and C¯1,2, not to contribute [143] at LO. N = Z nuclei like
the deuteron are mainly sensitive to isovector couplings, in particular g¯1, and the EDM from
θ¯ is suppressed by Q2/M2QCD with respect to the naive expectation in Eq. (52). Using Eq.
(18) we obtain the order-of-magnitude estimates for dd,t,h in Tab. 6.2, which indicates that
light-nuclear EDM measurements would offer clues regarding  T sources. Expectations about
the deuteron MQM are described in Ref. [139].
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In principle, light-nuclear EDMs can be calculated consistently within EFT. Light nuclei
are sufficiently diluted to be studied in an EFT where pions are integrated out [30], but in this
case one cannot easily keep track of the chiral-symmetry constraints discussed in Section 3.
For such nuclei, the pions present in Chiral EFT can be treated in perturbation theory [144],
in which case only contact interactions need to be included in the PT sector at LO. For
the deuteron, the PT [145] and  PT [146] electromagnetic FFs have been calculated quite
successfully in this framework. This framework was extended to  T FFs in Ref. [135], which
gives results similar to an earlier calculation based on a zero-range model [147], and in Ref.
[140]. Similar calculations could be performed for helion and triton. Unfortunately, however,
pions become non-perturbative at momenta Q ∼ Fpi [148] and thus this approach will fail
for sufficiently dense nuclei. Much work has been done with nonperturbative pions following
Refs. [66–68], as reviewed for example in Refs. [39,40]. By now, good potentials exist at N2LO
and N3LO (for example, Ref. [149]), but for only narrow ranges of UV regulators. Although
not consistent from an EFT perspective because they lack the necessary counterterms at
each order and generate amplitudes that are not properly renormalized [41], these potentials
produce results in few-body systems that are not very different from phenomenological two-
plus three-body potentials such as Av18 [150] plus UIX [151]. For a calculation of PT FFs for
A = 2, 3 systems within this approach, see Ref. [152]. Renormalization issues with currents
are discussed in Ref. [42].
In Tab. 6.2 we give a sample of the most recent evaluations of dd,t,h in terms of the
nucleon EDMs, Eqs. (38) and (39), the pion-nucleon couplings in Eq. (24), where we bury
some ∆¯ contributions, and the other couplings in Eq. (21). For the deuteron, the one-body
contribution is given by the isoscalar nucleon EDM, 2d0 = dn + dp.
2 Isoscalar  T potentials,
generated by g¯0 and C¯1,2, vanish on the deuteron. g¯0 does contribute to dd but only through
subleading potentials involving PT isospin-breaking couplings, and through two-nucleon  T
currents; these contributions are small [87, 136] and omitted here. The g¯1 contribution to dd
shows little dependence on VPT (see also Ref. [133]), and it is about a factor of 5 smaller than
the expectation in Eq. (52). ∆¯ enters only indirectly through g¯1.
The situation is strikingly different for helion and triton. The one-body contributions
are given mostly by, respectively, dn and dp.
3 g¯0 and g¯1 contribute at about the same level.
In particular, g¯1 contributes to the isoscalar combination dt + dh, while g¯0 to the isovector,
dt − dh. There is a factor-of-2 disagreement between calculations based on the No-Core Shell
Model [132,136] and on the Faddeev equation [87,134]. As for the deuteron, the EDM induced
by the OPE  T potential is a few times smaller than the expectation in Eq. (52). Changing
VPT has little effect on the contribution of g¯1, while g¯0 is more affected. The isoscalar couplings
C¯1,2 give a nonvanishing contribution to dt−dh. These operators are the most sensitive to the
choice of VPT and to the details of the nuclear calculation, like the choice of regulator [87,136],
and more conclusive results have to wait for a more consistent approach. Still, also this
2The deviation of the proportionality factor from 1 seen in Table 6.2 for the Av18 and N2LO potentials
stems solely from the deuteron D-state probability PD. However, PD is not an observable [153], indicating
that the ∼ 10% difference between these potentials and the perturbative-pion result, where PD enters only at
N2LO together with other contributions, is within the theoretical error of both approaches.
3In analogy to the isoscalar trinucleon MDM [153], one expects model-dependent contributions from the
trinucleon D-state probability to dt + dh of similar size as those from PD to dd, see previous footnote.
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Potential (references) dn dp g¯0/Fpi g¯1/Fpi C¯1F
3
pi C¯2F
3
pi ∆¯/FpimN
Perturbative pion [135,147] 1 1 — −0.23 — — —
dd Av18 [87,131,136–138] 0.91 0.91 — −0.19 — — —
N2LO [87,137] 0.94 0.94 — −0.18 — — —
Av18 [132,136,138] −0.05 0.90 0.15 −0.28 0.01 −0.02 n/a
dt Av18+UIX [87,134] −0.05 0.90 0.07 −0.14 0.002 −0.005 0.02
N2LO [87] −0.03 0.92 0.11 −0.14 0.05 −0.10 0.02
Av18 [132,136,138] 0.88 −0.05 −0.15 −0.28 −0.01 0.02 n/a
dh Av18+UIX [87,134] 0.88 −0.05 −0.07 −0.14 −0.002 0.005 0.02
N2LO [87] 0.90 −0.03 −0.11 −0.14 −0.05 0.11 0.02
Table 3: Dependence of the deuteron, triton and helion EDMs on  T LECs for various PT
potentials. Entries are dimensionless in the first two columns and in units of e fm in the
remaining columns. “—” indicates very small numbers.
contribution appears to be smaller than predicted by Eq. (52). ∆¯ now enters explicitly
through the three-nucleon  T force, Eq. (55), but its contribution is smaller than expected by
power counting and can be neglected [87].
Table 6.2 allows us to draw more precise conclusions about the relative size of EDMs,
which also qualify some of the expectations in Tab. 6.2. The expectation of relatively large
light-nuclear EDMs for θ¯, qCEDM and LR4QOs is tampered by the small effects of the OPE
 T potential shown in Tab. 6.2. Still, the even smaller effects from the rest of the  T potential
leave some opportunities open:
• θ¯: NDA suggests that C¯1,2 and explicit ∆¯ effects can be neglected. Using the estimates
for g¯1 in Eq. (27) and the LQCD evaluation of dn,p in Eq. (46),
dd ' 0.9(dn + dp)− 0.2 g¯1
Fpi
,
dt + dh
2
' 0.9dn + dp
2
− 0.1 g¯1
Fpi
, (56)
which satisfy, within large uncertainties, the NDA expectation that the deuteron EDM
and the helion/triton isoscalar EDM combination receive contributions of similar size
from the isoscalar nucleon EDM and g¯1. When dn+dp is known, from either experiment
or a more precise LQCD extraction, a measurement of either dd or dt + dh will allow a
determination of g¯1. A value of g¯1 much larger than the estimate in Eq. (27) or a dd
much larger than dn or dp will point to  T of non-θ¯ origin. The helion/triton isovector
combination,
dt − dh
2
' 0.9dp − dn
2
− 0.1 g¯0
Fpi
, (57)
is expected to be dominated by OPE, but the smallness of g¯0 and the relative suppression
of the OPE contribution conspire to enhance the importance of the one-body contribu-
tion. Nonetheless, once dp − dn is measured, Eq. (57) allows the extraction of g¯0, and,
through Eq. (26), the determination of θ¯, without further nonperturbative input.
26
• qCEDM: As for θ¯, C¯1,2 and ∆¯ should be higher order, contributing at N2LO and N3LO
respectively, so Eqs. (56) and (57) also hold. In this case, however, the couplings are not
well determined. If we assume that d0,1 are approximated by their non-analytic pieces
and that g¯0 ∼ g¯1, then dd and dt+dh would be dominated by g¯1, with d0 contributing at
the 10% level. Due to the logarithmic enhancement in dp−dn and the relative suppression
of OPE in dt,h, the one-body and OPE contributions to dt− dh should be roughly of the
same size. Obviously, this is not a firm conclusion and a better grip on dn,p and g¯0,1 is
needed from LQCD.
• LR4QOs: Similar considerations hold, except that the coupling g¯0 should be small and
only dd and dt + dh could be enhanced with respect to dn,p.
• gCEDM and PS4QOs: The short-range contributions from C¯1,2 are expected to be as
important as the one-body contribution and OPE, but for the systems considered here
the effects of the  T potential are numerically smaller than expected, although highly
dependent on the short-distance treatment of VPT . If this result stands, Eqs. (56) and
(57) hold again and also in this case LQCD input is sorely needed.
• qEDM: the simplest and most predictive situation, in which all EDMs should be well
approximated by one-body contributions, and both g¯0,1 can be dropped in Eqs. (56) and
(57).
Our discussion has underlined how the EDMs of light nuclei complement the nucleon EDM,
and can play an important role in singling out the microscopic source of  T —for specific BSM
examples, see Ref. [154]. Qualitatively, EDMs of nuclei with N = Z are particularly interest-
ing: an observation in these systems of a large EDM, compared to the nucleon EDM, would
suggest that  T does not come from θ¯, but rather from isospin-breaking sources, like qCEDM
or LR4QOs. Quantitative conclusions require more precise evaluations of the couplings in Eq.
(21), a program under way using LQCD.
7 Outlook
We reviewed here the main steps that link  T in the SM and beyond to observables where
dramatic experimental progress is expected, nucleon and light-nuclear EDMs. The key idea
is that EFTs enable us to keep track of symmetries across scales, with minimal assumptions
about unknown dynamics. As a consequence, the various spin, isospin, and spatial profiles of
light nuclei probe different aspects of (B)SM  T , and various (admittedly difficult) precision
measurements would allow precious information on physics at a scale comparable, or perhaps
beyond, what can be reached in the energy frontier.
We sketched this link in broad terms, with an emphasis on progress over the last five-
ten years. Although the framework is in place, we emphasized a few of the aspects where
gaps remain. Perhaps the most pressing are i) a more systematic assessment of the effects of
flavor-changing operators in the running of the more relevant light-quark operators; ii) LQCD
calculations of the LECs of the T Lagrangian, either directly or making use of chiral symmetry
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to relate  T matrix elements to T quantities; and iii) a fully consistent EFT treatment of the
PT dynamics in nuclei beyond the deuteron.
The usefulness of this framework does not hinge solely on experiments on light nuclei.
Atomic and molecular EDMs (in particular, from diamagnetic atoms) also depend to some
extent on nuclear  T (especially Schiff moments), albeit for much heavier nuclei than we have
discussed here. From the nuclear physics perspective, here lies the most important challenge:
to extend the EFT approach beyond light nuclei. The last decade has witnessed extraordinary
progress in the development of the so-called ab initio methods, which aim to calculate the
properties of medium-mass nuclei starting from given internucleon forces. Most of this work,
just like the trinucleon calculations presented here, treats the input, whether inspired by EFT
or not, as a phenomenological potential where there is no hierarchy of interactions. With
such a hybrid approach, the  T properties of other nuclei could certainly be calculated using as
input not only a PT potential inspired by EFT, but also the  T interactions in Eq. (21). This
would be an alternative to existing calculations (reviewed, for example, in Ref. [43]) which are
typically based on three nonderivative pion-nucleon couplings and uncontrolled (but perhaps
valid) approximations, such as random-phase or mean-field. We hope this review serves to
stimulate such alternative calculations.
On a longer time scale, a fully consistent EFT formulation for larger nuclei would be
desirable. From an ab initio perspective, nuclear EFT interactions cannot be treated as a
black box, but instead subleading interactions should be included in perturbation theory to
avoid extraneous regulator dependence. From a more effective perspective, an in-medium
EFT appropriate for heavy nuclei should be formulated. The many regularities found among
nuclear properties offer great opportunities for the effective field theorist.
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